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(57) ABSTRACT

The present invention relates to highly ordered arrays of
nanoholes in metallic films and to an improved method for
producing the same. The method according to the invention
for producing an highly ordered array of nanoholes in metal-
lic films on a substrate comprises the following steps: a)
providing microspheres comprising poly-N-isopropylamide
(polyNIPAM), the microspheres being selected from pure
poly-N-isopropyl-amide (polyNIPAM) hydrogel micro-
spheres and polymeric or inorganic beads carrying poly-N-
isopropylamide (polyNIPAM) hydrogel chains, b) coating an
aqueous dispersion of said microspheres onto a substrate and
drying the dispersion, which results in a non-close packed
ordered array of the microspheres, c¢) generating a metallic
film on the substrate, d) removing the microspheres from the
surface of the substrate which results in an ordered array of
nanoholes on the substrate, and e) optionally increasing the
thickness of the metallic film by selective electroless plating.

10 Claims, 5 Drawing Sheets
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HIGHLY ORDERED ARRAYS OF
NANOHOLES IN METALLIC FILMS AND
METHODS FOR PRODUCING THE SAME

BACKGROUND

Nanostructured free-electron metals gained a lot of atten-
tion due to their interesting optical properties that are based
on resonant excitation of surface plasmons (SP). SPs are
waves of oscillating surface charge density traveling along
the metal surface. The manipulation of SPs properties by
tailoring the geometric parameters of the nanostruture is a
promising approach for the development of plasmonic-based
applications such as device fabrication, imaging technolo-
gies, and information processing. Sub-wavelength nanohole
arrays in thin gold films show an especially interesting optical
phenomenon called “extraordinary optical transmission”
(EOT). These nanostructures are more transparent at certain
wavelengths than expected by the classical aperture theory
and can be used for enhanced spectroscopy as well as chemi-
cal sensing. Sensors based on this technology could offer
several advantages such as higher spatial resolution, greater
reproducibility, and more convenient experimental geom-
etries.

In recent years, colloidal nanolithography has made con-
siderable progress (Xia et al., Adv. Mater. 2000, 693-713;
Yang et al., Small 2007, 2, 458-475) and has also been used
for producing nanostructures showing an EOT effect. In par-
ticular, Murray et al. (Physical Review B 69, 165407-1-
165407-7 (2004) used an ordered monolayer of polystyrene
nanospheres as a deposition mask through which silver was
deposited by thermal evaporation. By reactive ion etching of
the nanospheres in an oxygen plasma prior to silver deposi-
tion, arrays consisting of silver particles of increasing size
were produced which—with increasing etching time—
gradually merged into a continuous metal film perforated by
a periodic nanohole array in a silver film. This method
requires a rather expensive equipment and is laborious due to
the plasma etching step, which has to be optimized for every
plasma machine again. Moreover, the surface of the polysty-
rene spheres is increasingly frayed out during plasma expo-
sure leading to a loss of the spherical shape of the polymer
mask. The surface roughness of the polymer spheres
increases proportionally to the process duration which has a
direct effect on the quality of the pore rims of the metal layer
deposited thereafter. In view of the drawbacks of this method
as well as that of other nanolithography techniques of the art,
periodic arrays of nanoholes in opaque metal films are usually
fabricated by focused ion beam, electron beam lithography,
and photolithography until now (De Leebeeck et al., Anal.
Chem. 2007, 79, 4094-4100; Sharpe et al., Anal. Chem. 2008,
80, 2244-2249). These techniques are limited by either low
resolution (photolithography) or low throughput (e-beam
lithography, focused ion beam lithography). They are time-
consuming, expensive, and provide only small nanostruc-
tured areas.

Thus, an object of the present invention is to provide
improved methods for producing highly ordered arrays of
nanoholes in metallic films on a substrate which are fast,
cost-efficient and simple to perform without the need of
expensive equipment, for example in any standard chemical
laboratory. A further object is to provide large and highly
ordered arrays of nanoholes in metallic films on a substrate,
with the size and lattice constant of the nanoholes being easily
adjustable over a broad range.

Said objects are achieved by providing a novel method
involving colloidal nanolithography for producing highly
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ordered arrays of nanoholes in metallic films on a substrate
according to the present invention and by providing the highly
ordered array of nanoholes according to the present invention.

DESCRIPTION OF THE INVENTION

The method according to the invention for producing an
highly ordered array of nanoholes in metallic films on a
substrate comprises the following steps:

a) providing microspheres comprising poly-N-isopropyla-
mide (polyNIPAM), the microspheres being selected from
pure poly-N-isopropyl-amide (polyNIPAM) hydrogel micro-
spheres and polymeric or inorganic beads carrying poly-N-
isopropylamide (polyNIPAM) hydrogel chains,

b) coating an aqueous dispersion of said microspheres onto a
substrate and drying the dispersion, which results in a non-
close packed ordered array of the microspheres,

¢) generating a metallic film on the substrate,

d) removing the microspheres from the surface of the sub-
strate which results in an ordered array of nanoholes on the
substrate, and

e) optionally increasing the thickness of the metallic film by
selective electroless plating.

In a preferred embodiment, the method of the invention
further comprises
f) incubation of the substrate obtained after step d) or step e)
in a vacuum oven.

Surprisingly, it has been found that poly-N-isopropyla-
mide (polyNIPAM) microspheres can be advantageously
used to provide a deposition mask for metallic films on a
substrate which mask can be both produced and eliminated in
a fast and simple manner and gives rise to large and highly
ordered arrays of nanoholes in a metallic film.

It has been known in the prior art that self-assembling
poly-N-isopropylamide (polyNIPAM) microspheres can be
used to produce two-dimensional colloidal arrays, with the
superlattice structure of these colloids being controllable by
designing the particle structure (Tsuji and Kawaguchi, Lang-
muir 2005, 21, 2434-2437). However, the authors of this
publication did neither disclose nor suggest the use of said
polyNIPAM microspheres for preparing a lithographic mask.

Moreover, Tsuji and Kawaguchi prepared the colloidal
arrays by dropping an aqueous PNIPAM microgel dispersion
onto various substrates and air-drying. Experiments of the
present inventors revealed that these conditions resulted in an
uneven distribution of the deposited microgel particles and
both the near-range and the long-range order of the colloidal
arrays obtained by this method was not satisfying for the use
as a lithographic mask (see Example 2 as well as FIGS. 7A
and 7B below). The uneven distribution of the deposited
microgel particles is based on the increasing concentration of
particles in the dispersion upon drying. Therefore the two-
dimensional array shows a lot of defects and the EOT effect is
significantly decreased.

In an effort to develop a suitable method for producing a
highly ordered array of nanoholes in metallic films on a
substrate, the present inventors conducted an extensive series
of experiments, as a result of which several relevant param-
eters were identified and a number of especially advantageous
and effective steps for use in such a method were developed.

The first step a) of the method according to the invention is
not critical and the polyNiPAM microspheres which may be
pure poly-N-isopropyl-amide (polyNIPAM) hydrogel micro-
spheres or polymeric or inorganic beads carrying poly-N-
isopropylamide (polyNIPAM) hydrogel chains can be syn-
thesized according to published methods (e.g. Pelton and
Chibante, Colloids and Surfaces 1986, 20, 247-256). In this
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step, polyNIPAM hydrogel chains with varying length and
hydrogel particles with different diameters and swelling
ratios can be prepared and these parameters can be used to
adjust the lattice constant and hole diameter of the periodic
arrays formed subsequently (microgel particle sizes: 200-
1000 nm). In the case of hydrogel chain carrying polymeric or
inorganic beads, the beads may be of any material which can
be functionalized with polyNIPAM chains. Some non-limit-
ing examples are polystyrene, polymethylmethacrylate,
latex, SiO,, TiO,, ZrO,, CeO, etc.

These microspheres self-assemble into a two-dimensional
superlattice when their dilute suspension is dried on surfaces.
The array formation is mainly driven by capillary forces
between the microspheres during water evaporation. In the
case of hydrogel-chain carrying microspheres coalescence is
prevented by the hydrogel coating. This hydrogel layer col-
lapses upon drying leading to the formation of non-closely
packed arrays.

The coating of the polyNIPAM dispersion onto the sub-
strate in step b) may be effected in any manner known in the
art which results in highly ordered arrays of the PNIPAM
particles or microspheres. In a preferred embodiment of the
invention, the coating of the PNIPAM dispersion onto the
substrate in step b) is effected by spin-coating. In an even
more preferred embodiment, the spin-coating comprises at
least two different spinning operations with different speeds.
In particular, it has been found that a first spinning operation
with a relatively low speed, preferably in the range from 100
rpm to 1000 rpm, followed by a second spinning at a higher
speed, preferably in the range of from 1000 rpm to 10000
rpm, results in colloidal arrays with a significantly higher
degree of near-range and far-range order in comparison to
air-dried samples.

It has also been observed that the addition of a lower alkyl
alcohol to the dispersion applied on the substrate before the
spinning operations is very advantageous and greatly
enhances the formation ofhighly ordered polyNIPAM micro-
spheres. Preferably, the lower alkyl alcohol is selected from
the group consisting of methanol, ethanol and propanol and
most preferably the alcohol is ethanol.

The substrate to be coated may be any substrate capable to
be coated with the polyNIPAM microspheres and the metallic
film. Some non-limiting examples are glass, silica, polysty-
rene, with glass especially preferred.

The metallic film applied to the surface in step ¢) may be
any metallic film suitable to be deposited on the substrate and
capableto show the “EOT” effectif an highly ordered array of
nanoholes is provided therein. Preferably the metallic film is
a noble metal film, in particular a gold or silver film. The
metal film should have a final thickness in the range of from
50 to 500 nm, preferably 100 to 250, more preferably around
150 nm, in order to provide nanoholes having a depth of this
order of magnitude.

Said metallic film may be generated by any suitable
method for depositing a metal film on the respective substrate.
Preferably, the film is generated by either thermal evaporation
or by functionalizing the surface areas not covered by micro-
spheres with a compound which enables or favours a selective
deposition of the metal on the substrate by electroless plating.

In a specific embodiment of the invention, the metal is gold
and the compound used for functionalizing the surface is an
aminosilane, for example 3-aminopropyl-triethoxysilane.
Other suitable compounds for this purpose will be recognized
by the skilled artisan.

The selective deposition of the metal induced by a func-
tionalized surface may be advantageous over thermal evapo-
ration, since in the latter method care has to be taken that the
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microspheres are not completely buried in the metal film
which renders the microspheres difficult or impossible to
remove by conventional methods such as ultrasonication.

Typically, a metal layer having a thickness of approxi-
mately 100-200 nm is produced in step ¢) and then the col-
loidal mask is removed.

In a preferred embodiment of the invention, the method
used for removing the microspheres in step d) involves
immerging the substrate in a wash solution, e.g. a mixture of
water and an organic solvent, such as MeOH, and subjecting
to ultrasonication for a suitable time period, e.g. for 30 min-
utes.

In another preferred embodiment of the invention, the
method used for removing the microspheres in step d)
involves a flame annealing step at a temperature in the range
of from appr. 250 to 2000° C., typically from 400to 1500° C.,
more specifically from 400 to 1000° C., which pyrolyzes and
removes the polyNIPAM microspheres but does not nega-
tively affect the metallic film. This method is particularly
advantageous, since it is very fast and easy to perform and
also allows to reduce the internal and external roughness of
the metal film.

Typically, in step e) the thickness of the metal layer is
increased by selective electroless plating according to known
methods (e.g. as disclosed in Guan et al., Appl. Surf. Sci.
2005, 240, 24-27) to a desired value, e.g. in a range of 100-
300 nm, preferably 120-250 nm, more preferably around 150
nm.
In a preferred embodiment, the method of the invention
further comprises a step f) wherein the substrate obtained
after step d) or step e) is incubated in a vacuum oven. This step
results in an enhancement of the EOT effect exhibited by the
nanohole array produced as outlined above.

Typically, in step f) the nanohole arrays are incubated at
300-500° C., e.g. at about 400° C., and 1072-10~* torr, e.g.
about 1072 torr, for at least 10 h, preferably at least 20 h, e.g.
20-30 h. However, as recognized by the skilled artisan, the
incubation conditions may be varied as appropriate for dif-
ferent substrates and metallic films and suitable conditions
can be readily determined by routine experiments.

A closely related aspect of the present invention are the
highly ordered arrays of nanoholes obtainable with the above
method. These highly ordered arrays are considerably larger
than those produced with prior art methods of colloidal nano-
lithography and can even be present in a surface area in the
order of square centimeters. Furthermore, the arrays are char-
acterized by the size and form of the nanoholes which directly
correspond (as a negative) to the size and form of the
polyNIPAM microspheres used as a lithographic mask to
produce said array of nanoholes. In contrast to holes produced
by etching methods or ion/electron beam treatments, the
edges of the nanoholes produced by the inventive method are
rounded.

The highly ordered arrays of nanoholes according to the
invention are of interest for a wide variety of applications
where the EOT effect is used, in particular in the fields of
chemical and biochemical sensing, imaging technology,
information processing and enhanced spectroscopy.

Thus, a further aspect of the invention relates to a device, in
particular an optic device, spectroscopic device or sensor
device, comprising said highly ordered arrays.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1. Flow chart of the principal steps to produce nano-
holes in gold films according to the invention.
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FIG. 2. SEM images of the principal fabrication steps. (A)
Ordered array of polyNIPAM beads (dark circles) after spin-
coating; (B) Sample surface after incubation with gold col-
loids (bright spots); (C) Sample surface after removal of the
polyNIPAM beads by ultrasonication; (D) Highly ordered
array of nanoholes in a homogenous gold film after selective
electroless deposition of gold.

FIG. 3. Spectrum of the obtained hole array in gold films.

FIG. 4. AFM image of a hole array produced according to
the invention.

FIG. 5. SEM micrographs of the nanohole structure;

(A) view at 45° angel of inclination; (B) view at 90° angel of
inclination.

FIG. 6. illustration of the near-range order and far-range
order in a nanohole array.

FIG. 7. Radial distribution functions (RDF) of nanoholes
produced by different methods.

(A) Radial distribution function obtained with microspheres
which had been dropped onto the substrate and air-dried;
(B) Radial distribution function obtained with spin-coating.

FIG. 8. Spectra of a nanohole array before and after deco-
ration with BSA.

The present invention is illustrated in more detail in the
following non-limiting examples.

EXAMPLE 1

Preparation of a Highly Ordered Nanohole Array in
Gold Films

In a specific embodiment of the present invention, nano-
hole arrays in gold films on a glass substrate were produced
using two-dimensional colloidal arrays of polyNIPAM
microspheres as a nanolithographic mask.

As substrates 2x2 cm hydrophilic microscope cover glass
plates (Roth, Germany) were used. The glass plates were
cleaned in Piranha solution (3:1 concentrated H,SO,/30%
H,0,) for 1.5 h followed by sonication in an ultrasonic bath
and abundant washing with ultra pure water. The cleaned
plates were kept under deionized water from 1 to 24 h and
were blow dried just before the experiment.

As an initial step, poly-N-isopropylacrylamide
(polyNIPAM) microspheres were synthesized according to
published methods (Yang et al., Small 2007, 2, 458-47).

The experiments were carried out with different suspen-
sions of polyNIPAM microspheres. The concentrations along
with the poly(NIPAM) array specifications are shown in the
tables below:

Center-to-center Poly(NIPAM))disc

Identifier distance [nm] diameter (dry) [nm]
R13 494 312
SP13 1200 860
SP73 655 395
Used dilution after
Identifier Concentration [g/l] filtration
R13 15.71 £ 0.04 1:300
SP13 19.6 £ 04 1:50
SP73 8.6=0.2 1:100

Prior to use, the microsphere suspensions were purified by
filtration using Acrodisc 25 mm Syringe Filters with Versapor
membranes. The pore diameter of the used membranes was
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1.2 pymin case of SP13 and 0.8 um for the other microspheres.
After filtration the suspensions were diluted with water as
specified in the table above.

FIG. 1 illustrates the principal steps involved in the fabri-
cation process. In the first step a dilute dispersion of
polyNIPAM microspheres is dried on a glass cover slip (2x2
cm, treated as indicated above) under addition of EtOH in a
spin coating system.

Typically, cleaned glass substrates were mounted in the
spin coater (e.g. a Laurell WS-400A-6NPP Lite spin coater
(Laurell Technologies Corporation, North Wales) and a 40 ul
droplet of a diluted polyNIPAM microsphere suspension was
placed in the center of the substrate. Subsequently 20 pl of
ethanol was added on top of the droplet. Upon this, the droplet
retracted and then spread thus wetting the complete substrate.
The latter step was repeated two more times. We observed in
our experiments that this procedure dramatically enhances
the formation of highly ordered arrays of polyNIPAM micro-
spheres. Subsequently the sample was rotated for 6 min at 500
rpm followed by 1 min at 6000 rpm using an acceleration of
100 rpm/s in both cases.

Upon this, the microspheres self-assemble into a highly
ordered two-dimensional hexagonal lattice. In principle, the
array formation is driven by attractive capillary forces
between the microspheres and their convective transport
toward the ordered region during water evaporation. How-
ever, this effect has been established for stationary systems
free of organic solvents. The system used in the present inven-
tion and in particular the presence of ethanol might involve
further effects not described before. PolyNIPAM exhibits the
interesting property that it can undergo a reversible phase
transition between a swollen and a shrunken state. Due to this,
the close packed swollen polyNIPAM microspheres shrink
upon drying and form a non-close packed hexagonal array.

In the second step a ~150 nm thick gold film (as it was
determined by AFM measurements) is deposited. Since the
deposited gold film should only fill the space between the
microspheres, common thin film deposition techniques such
as evaporation or sputtering are disadvantageous in that the
deposited film would cover the whole sample surface includ-
ing the colloidal mask. Therefore, the gold film is preferably
generated by electroless plating.

To do this, the glass surface is functionalized first with
3-aminopropyl-triethoxysilane by vapor deposition. Previ-
ously spin coated samples were encased in a standard exsic-
cator together with a small dish containing 30 pl of 3-amino-
propyltriethoxysilane. The exsiccator was evacuated until a
pressure of 0.3 mbar was reached. The samples were kept
under these conditions for 30 min to allow a dense silaniza-
tion of the glass surface. Afterwards the samples were incu-
bated for 1 h in a drying oven at 80° C.

Afterwards the sample is incubated for 30 min at room
temperature with an aqueous solution of gold colloids (15 nm
colloids, standard deviation: 10%) which had been prepared
by citrate reducing according to a method of the prior art.
Subsequently the samples were rinsed with ultra pure water.
To lift off the polyNIPAM microspheres as well as to remove
non-specific bound gold colloids, the samples were immersed
in a wash solution (1:20, H20:MeOH) and sonicated for 30
min.

In the third and final step the gold colloids are grown to
form a homogenous gold-layer by selective electroless plat-
ing. Electroless deposition of gold was carried out in small
glass beakers on a vibrating table. The used glassware was
cleaned by aqua regia before usage. Samples decorated with
gold colloids were immersed in an aqueous solution of 0.4
mM hydroxylamine hydrochloride and 0.5% HAuCl,.3H,0.
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The solution was agitated on a vibrating table to ensure the
formation of a homogenous gold film. After 1 h the samples
were rinsed with water and blown dried under a nitrogen
stream.

Alternatively the polyNIPAM beads were removed by
flame annealing in a 80% butane/20% propane flame (400-
1500° C.) after electroless deposition of a ~1 50 nm thick gold
film. Thus, the polyNIPAM microspheres were pyrolyzed and
the gold surface was flattened.

The thickness of the gold layer was determined by AFM
measurements. The results are shown below and FIG. 4 shows
a sample image of the hole array produced on the basis of
SP13:

Identifier Layer thickness [nm]
R13 108 =20
SP13 162 £ 26
SP73 146 =11

In FIG. 2 scanning electron microscope (SEM) images of
the fabrication steps are shown. FIG. 2A shows the glass
surface after spin coating with polyNIPAM microspheres. As
it is apparent, the procedure led to the formation of a highly
ordered hexagonal array of microspheres. FIG. 2B displays a
SEM image of the surface decorated with gold colloids. The
obtained nanostructure after electroless deposition and flame
annealing is shown in FIG. 2C. The hole diameter and the
lattice constant of the array is correlated to the diameter of the
swollen and shrunken polyNIPAM microspheres (e.g. Pelton
and Chibante, Colloids and Surfaces 1986, 20, 247-256 and
Tsujiand Kawaguchi, Langmuir 2005, 21,2434-2437). Inthe
presented case spheres were used, which should exhibit a
diameter of 1200 nm in the swollen and a diameter of 860 nm
in the shrunken state.

EXAMPLE 2
Characterization of Hole Arrays in Gold Films

In order to demonstrate that the lattice parameters and by
this the optical properties can be tuned via the swelling ratio
and the diameter of the used microspheres, hexagonal hole
arrays in gold films on the basis of three types of polyNIPAM
microspheres which differ in their swelling ratio and diameter
were produced. Transmission spectra of the obtained struc-
tures were measured at normal incidence in an UV-VIS-NIR
spectrometer (Cary 5000 (Varian, USA). An exemplary spec-
trum is shown in FIG. 3 and demonstrates an extraordinary
transmission of light (“EOT”). This means that the transmit-
tance is enhanced in comparison to the open area fraction of
the nanostructure (grey dotted horizontal line in FIG. 3).

In order to determine the near-range and far-range order of
the lithographic masks, the radial distribution functions
(RDF) were determined using image analysis.

The RDF for a perfect periodic lattice is an infinite periodic
function, with each oscillation representing a concentric
microsphere layer of the lattice relative to the position of the
central microsphere (see FIG. 6). The term “near-range
order” as used herein refers to the order of the first concentric
layer of microspheres surrounding the central microsphere.
Consequently, “far-range order” refers to the following con-
centric layers. For non-perfect lattices, the RDF cannot be
infinite periodic. The length scale with which the oscillation
of'the RDF decays or fades away can be used to indicate the
degree of far-range order. The near-range order corresponds
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to the width of the first oscillation peak. The variance of the
distances between the microspheres in the first concentric
layer of the lattice and the central microsphere is low if the
first oscillation peak shows a narrow shape.

FIG. 7 shows the radial distribution functions (RDF) of
nanoholes produced by different methods. Fig. A represents
radial distribution function obtained with SP13 microspheres
which had been just dropped onto the substrate and air-dried:
The RDF shows a broad peak for the first layer of micro-
spheres, indicating a poor near-range order. Moreover, the
RDF already decays after the second layer, indicating a poor
far-range order as well. FIG. 7B represents the radial distri-
bution function obtained with SP13 microspheres after a
spin-coating treatment of the invention. The RDF shows a
narrow first peak (high near-range order) and does not com-
pletely fade away even beyond 22 um (maximum of the image
analysis).

The most relevant parameters from the image analysis are
listed in the following tables.

Analysis of Near-Range Order

Mean value of the Standard deviation

Sample first peak [nm] [nm]
SP13 1135.25 185.783
(direct air-drying)
SP13 (spin-coating) 1203.9 64.35
SP73 (spin-coating) 622.819 35.1199
R13 (spin-coating) 441.305 23.9693
PS-600 nm 584.357 11.6427
PS-600 nm-2 585.883 15.6044
Analysis of Far-Range Order
Decay length Decay length
Sample in lattice layers in pum
SP13 3 3
(direct air-drying)
SP13 (spin-coating) >20 >22
SP73 (spin-coating) 12 6.5
R13 (spin-coating) >11 >4
PS-600 nm 12 9.2
PS-600 nm-2 16 8

*Decay lengths of > x indicate that the RDF did not completely decay in the observed area
of the 1mage. The analysis of larger image areas was not possible for technical reasons.

The analysis of the lattice order demonstrates that the spin-
coating method of the invention increases both the near-range
order and the far-range order considerably as opposed to a
coating method which involves only dropping the
polyNIPAM dispersion onto the substrate and subsequent
air-drying.

In comparison, arrays of close-packed polystyrene (PS)
spheres (PS-600 nm, and PS-600 nm-2) prepared according
to a similar method as described by Rybezynski et al., Col-
loids and Surfaces A 2003, 219, 1-6, showed a slightly better
near-range order (presumably due to the more narrow size
distribution of the PS spheres in comparison to pure pNIPAM
spheres), whereas the far-range order is comparable with that
of the spin-coated polyNIPAM microspheres. To provide
nanohole arrays, however, these reference arrays of PS micro-
spheres would require a subsequent reactive ion etching step
as disclosed in, e.g., Murray et al. (Physical Review B 69,
165407-1-165407-7 (2004) and also involve the correspond-
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ing drawbacks as already outlined above (see the back ground
section of the present application).

EXAMPLE 3

Testing the Sensing Capability of the Fabricated
Hole Arrays

In order to prove the sensing capability of the hole arrays
obtained by the present invention, different arrays were pro-
duced as outlined above and transmission spectra are mea-
sured before and after treatment of the nanostructured sur-
faces with bovine serum albumin (BSA).

Specifically, nanostructured samples were immersed in
100 uM aqueous solution of BSA and incubated for 5 h.
UV-VIS-NIR spectra for a sample before and after binding of
BSA are presented in FIG. 8. FIG. 8 shows that the adsorption
Of BSA to the surface results in a shift of the (1,0) glass peak
by approximately 35 nm to the red.

This result indicates that the prepared hole arrays are
capable to detect the adsorption of molecular layers to the
sample surface and that the present fabrication method for
sub-wavelength hole arrays in metallic films is suitable for the
production of sensors with properties comparable to hole
arrays prepared by more sophisticated methods such as
focused ion beam milling or electron beam writing.

The invention claimed is:

1. A method for producing a highly ordered array of nano-

holes in metallic films on a substrate, comprising the steps:

a) providing microspheres comprising poly-N-isopropyla-
mide (polyNIPAM), the microspheres being selected
from pure poly-N-isopropylamide (polyNIPAM) hydro-
gel microspheres, and polymeric or inorganic beads car-
rying poly-N-isopropyl-amide (polyNIPAM) hydrogel
chains,

b) spin coating an aqueous dispersion of said microspheres
onto a substrate and drying the dispersion, which results
in anon-close packed ordered array of the microspheres,
wherein the spin coating comprises at least two different
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spinning operations with different speeds, and a lower
alkyl alcohol is added to the aqueous dispersion before
the spin coating step,

¢) generating a metallic film on the substrate,

d) removing the microspheres from the surface of the sub-
strate which results in an ordered array of nanoholes on
the substrate, and

e) optionally increasing the thickness of the metallic film
by selective electroless plating.

2. The method according to claim 1, further comprising

f) incubation of the substrate obtained in step d) ore) in a
vacuum oven.

3. The method according to claim 1, wherein the lower
alkyl alcohol is a member selected from the group consisting
of methanol, ethanol and propanol.

4. The method according to claim 1, wherein the metallic
film is a noble metal film.

5. The method according to claim 1, wherein the metallic
film in step ¢) is generated by thermal evaporation.

6. The method according to claim 1, wherein the metallic
film in step c) is generated by functionalizing surface areas
not covered by microspheres with a compound which enables
or favors a selective deposition of a metal on the substrate by
electroless plating.

7. The method according to claim 6, wherein the metal is
gold and the compound used for functionalizing the surface is
an aminosilane.

8. The method according to claim 1, wherein the method
used for removing the microspheres in step d) is ultrasonica-
tion.

9. The method according to claim 1, wherein the method
used for removing the microspheres in step d) is a flame
annealing step at a temperature in a range from approximately
400 to 1500° C. which pyrolyzes and removes the
polyNIPAM microspheres but does not negatively affect the
metallic film.

10. The method according to claim 1, wherein the metallic
film is a gold or silver film.
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